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Nit. GaNS>^V:>(iI nGaNtGaNSrffi^-^i? 

A 1 G a NmtJftl. A 1 Nfflfi^i 0 {>/h$ t^C 1 1: 
3 ] itfieig— <5DA 1 G a N Ji<?5fflflSJt*«SS 

mt t 1 iz^mco^mimw., 

llt^3S4l GaNA'y7r-®t, ( I n,A 
1,.,) ,Gai.,NJii:. GaN. I nGaNj>I.VMi 
I nGaNfcGaN^ia;^p.-^i3-t*-3t^^y^;l^iit. A 
1 GaNSt*»\ ■<f7r'fr^S>I.V^{iS i 

^ ( I n,A 1 ) yGa,.,^mtmi-^y^^>\^Mb<r> 
^Tomsiza^^x^^iomtiizm^t 

tSi ^tzM ( I n,A 1 1-, ) ,G ai.,N®cOA 1 Nffl 
InNffl^it. GaNmJt^^^S^iT^-tS: 

[if3<]S5l GaNyN'-y7r-®i:. AlGaN® 
fc; GaN, I nGaNib&VkJil nGaNfcGaNS: 
m^-^h-ttl^^y^'^Mt. ( I n,A 1 i-j) yGa 
i.,Nli:*5. H?-7T-f Ta^J>-l>V^{i:S iCSILhtC 

^ ( I n,A 1 ,-, ) yGa,.,Nmtm^^y^^f^Mt(r> 

i dtt^ ( I n,A 1 ) yG ai.yNlfOA 1 Nffl 
BitiL I nN^ib. GaNmlt3{^i5«^^^?t-tS: 

[00011 

L, Ift { I n,Ali-x)yGai.yN (OSXSl. 0 
[00023 

[«!*<^«3 GaN. Al GaN. I nGaN, In 
A 1 GaNm<^mit^''J'^J^^^Pf^iM\'-^^miW!^ 



A 1 G a N/G a N^rnjf -^1S^"CJ4 A 1 G a N 
i: G a N i: 0'v-fn^-&^rS#3fit-^'F*^i8KT-^ 

^^XifiA 1 GaNCiai^ixl. H-t-^^JtJi^ 

nmt3gV^/i4^, y-h:gLs*n 0 0 nmgJgisSV^ 
ii^t'i^. rx'<i?hikLg/ci{45*>iolOt:*;^< 
-CiS. -e^D^^, A 1 GaN/GaN'vrOl^iSrffl 

fcV^')@n;t1tm^*-ri.. ^ibCAlGaN/GaN 
^rolSiitcisttl.-iJScm^-li. 1 x l O^v/c 

tTV%|>A 1 GaAs/I n G a A s ^CO^-^tCit^T 
2^1'Xhcom^f^Sr*t-Ct^2.;ta6t, dcoio^r^ 

[ 0 0 0 3 3 I18t::A 1 G a N/G a N^xOlfjtS- 
^i-^ F E T<r)Bfr®0i;)-Wt:5^-t, CICOF E TOA 1 
GaN/GaN^rnfi|ji«, [0001] 11 

(cS) iO-^-yr^frai^, siCS«^<^S^l± 

i C«« 1 <^±(:G a NA'./ 7 r 2 , A 1 G a NS 
5i!)W<mM^tl. AlGaNl5J:tl, y-;^m^ 

ms^Li.. 1^7T^r*«, s i cmwik(r>mzis 

v^-rtGaNi:a«[co*S^^{±:*:#<P^rl.«t\ 
iX'^a^tc/f < J^fi^Sil^G a Nv^ «y 7 r-® 2{4m^ 

JH,^GaN>''N>/7r-Ji2<0±{wS i ^ft'cOnM^^tl 
^^LJtA 1 Gafin5t:WL+nmC0W-^l,zm^ti> 

?^iRlo:>]0::^t; viG a n' -y 7 r -® 2 £7)^rtc:^»:7c€ 

MOCVD (^P|i#MfitB«:S) 

^.11 ij^H^Gac^ffit'SsO, c:c7)Z<?:7c^^;<f;^ 

cnW^liA 1 GaN15fcGaN>'-?-y7T-S2iD@^ 
:5)-|g<??llfcJ:t^A 1 GaNJi5**Sttl.5l^5l')jt£?^jC 
i s c ttiri6i<^t:xy:}i-ffi<7>«!jll:*«liPt> 0 , a i g a n 

i,m^m<^^'f-i}^thzbf)m(i>tLX^^i . ^(nm 

mt. AlGaNe5<7)AllM**0. 2*^^>0. 3<7) 
d®^{C 1 X 1 0 1 3/c migSt'S) 0 G a A s m'fU 




[0004] 

^ A- 'J r**fcS fc IR^<0G a Ny s' "/ 7 r -Ji 2 LX 
iOF E TS-^-<^««[fc:mt/;J^fc F E T|^±**i: 

[ 0 0 0 5 ] G a N^'s>T-a^iiSFETKfcttl.||-:0 

M*ffll'^'c.i^■rv^i)A 1 GaAs/I.nGaAs^ 
^^rofilJiFETT^Ji. ^^>:;^;USi:fCInGaA 
s2rfflv\ ^-^-'JT^^&StS i ^mXtLtzk 1 GaA 

I n G a A s m^Z.'^<ir>.n ^ A 1 G a A s Jg-^j^ 
^/iA 1 GaAs/.I nGaAs/A 1 GaAs tv^o 

m.i.zL. i-^y^)v<r)m=i-mm:2^n.mz-^)him 

ife«0.-K-ryi^-v;KOffivU nGaAsglCWfflOiOA 1 G 
aAs^*^^>«i^*«fit*^$fl^Cfct3^|.. Si^gjjD 
L/iA 1 GaA s i,(7)-r'C£?5j: ^^Ifjtti^T' 
/l^H-7lirjtJi-& ^^l±^^7^/U H-7-rr;lxvTUlijti: 

[0006]-*. G a N^t'H9 i: ISift^;?'^;!^ F- 
Tlfg. ■r5ri?*>nMA 1 GaN/GaN/nMA 1 G 
aNSrmL;t*^<OliJti&®10tc. *;tai§:fr|fOCD 

HI OTii, ■9-7T-<r^^/v:liS i ca«lc7)± 
I;, GaN>'N'-y7r-Ji2, A 1 GaNJfl 3, GaN 
14, t5j:t;fA 1 GaN«5MII<Jl««Sn, A 1 Ga 

iil,GaN^co^^/;l'K--rii^-C{d:. ^A-^^vP (T 

#*i;>c#v^iOT, c:;T-{i:H-e>'i7'{i:^ffiiBJ(7)A I G 
a.Hm5<^MZi6Z^j:-)X\»'^i>, Hi 1 (D^^7 7*»^:h'- 
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^a-r-&«WZOtC^{Cih&»il, A 1 G a N® 5 1 

G a NS4 t<r)'\'fy3^m^zm&^iii,9m^cri^-'<7) 

iJil^, S«[«|fO«^«»ft)it'fe*A i G 

aNSl 3 tGaW^yy r—B2b<r>^TU^m^Z^ 

biz^K. FET<7)ffiS3>'r^5'y;ittA IGaAs 

/I nG a As/ A 1 GaAs<7)j; ^tlAtOiOf-vy 

it>FE TcOf 0#I4/Jv$ < ^ 0^^aa&f^ll^»4>t4» 

[0007] *^Bfl{± , tLht^^Jt J: 5 a 
7'niijtFETi^^M^jc^;?^^§it/ct<7)t'&0, 

<^m-<^aw{4, GaNJi^i'iosia-fr-r^A^^i'S.^ 

S«OG a N^/\rOlflJt<0^3l#^SSr^-rS Zb iz 
[0 0 08] 

[igs$:»^i-s^*:><^^S] 0ios-#g§Lt:iftBBL 

TtiotC. #tGaNV'N./7r^-llCAl GaNiO^Ji 
t-^{t*<0T{42-5£05t>t5i-SIL^:m^^-*'i^^;l^ 

ii. lij^tzm'f-iii'u^ ym^iim^it?>zbiz 

-h(7)f§a.i:im^-t^mfX'h ^y'J:^^(r>^^-b> 
i-5TffiT§€2.C:i;tC'P^:*^^, U^t=5rA«'^, 01 
OTlSttSiliiA 1 GaNJll 3 t ^c0±(0GaNJl4 

y^^Mzmtv^hm^ti^h^(^x\ vyy'Jx-^<7iY 

l^^yn yy9 9 yx ?rffiT$ii- h yyi^:^S(^m)in 
[0009] *^H^£7)ij£^#||gco||S|?gS{i, ; -5 L 

fzr^T-yi^^)V(^^\^±im^z:nmL. k-o. 

ilfzA 1 G aNMbG a.NJ<-yy T-M(0'\'rt}^MIiZ 
{±?&if«^SrSaL<irV^J:dJc, A l GaN«<?DA 1 N 

m^^^m(7)A 1 G aNilKiSft^A 1 NfflfiSitJ: 0 

A 1 G3iNmmmim:Wz< hK-f^m<mmt$> 

h<r>X'hh. 

[0010] ^wn<^^mw^m.m(^mmm.±. m. 

{t^ii-S® S- A 1 G a N-C{i:^< ^m.cf)K-Wm.1fiA 1 
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GaNC^m^tm^t^j:^ (I n,Ali.JyGa 

mm<7)'h^ y^^fUizWm-^ J: p tc^r O . a i g a a 

s I n G a A s /A 1 G a A s ^<r>m9i Y—Ty^A' 

^y^. tt'hh { I n,Al,.,) j,Gai.yNfl<73xtJj: 

5r-tWj{::0^t-:?(r-f|>::t^gfl<ji:f^J7)'C: ( In 
A I - , ) ,Gai:yNS±(?)GaN. I nGaN3il>V^ 
i'i I ik; .-i N G a N 5 ^ >'^;l'^<0* 

[0011] WTC*^bb<o#SK:-:>v>-C J: *)mffliz 

I 0 0 1 2 ] mmtZi: !l>^^mtmHi. G a N^'-y 7 

r-lei;, .qi-c7)A I GaNlt, GaNfe|,U{4I n 
( i .1 N >: (; .1 N 2rli;^-^*)-tir^f-^ y^^;l^mt . m—<^ 
A 1 G.iNlSt/A ■t7r^r»K«>^V^{4S i es«^ 
±{;:.||fl;>^ffM$^l3f:^8Jt^^b, 

f^:i^iS-C'.t) o T , |jf/iel^— CD A 1 G a N iitiSttS A 1 
Kaife!cJty/HirJe.Mi-<?)A 1 GaNltCtSft-SA 1 Nffl^ 

(001 3 ] iwitl^-CDA 1 GaN^tCfcttSA 1 Nffl 
B!tit»' 0 . UlTT'.t) o T t J: V \ 
[0014] fflieaS-<7)A.l GaN»<^)fflflfelfe!)««{|!| 

r>'^«MiKx;^m(;i5< J: -) (cS^ LT J; 

[00 13] -4^RmiZj:^ii^mmMii. GaNA-.y7 
r-)i>. (I rijA 1 1-,) yGai-yNJii;, GaN. 

^•r>-^^;kli:. AlGaN®t*\ 1^7r■^TS^$) 

5:fflv^:t^S?MljSt'ftoT, 1515 ( I n, A 1 ) , 

t >fS<7)^^ft(:So'# ^^SjD^^ t ^ J: d tclJie 
( 1 n,A 1 ].,) yGa,.3,NJiC0Al Nffl^. I nN 
MfiKJts GaNffljatit**IS£$n3tv:i:S:#Slfc-rS:: 

GaNJi!:, GaN. I nG aNJ>I.V^« I n Ga N t 
G<iim^^-^h-^tz^-Ty^^)Vmt , < I A 
1 ,-x) ,Ga,.yNStA>\ ■t7r-YT^^)I.VM4S 

*llgT'$)->T, file ( I n.Al ,.,) yGai.yNiii: 



m-ritnFF<7mmifi^tiiiot>zim { r n,A 1 1.,) 
mcjmM^titzhimLt^tzhizay)^ jjea 

[0017] 

nzm^^ii^mimmi>zm--s\^xwm'i>, 01a 

^hyy'Jx^ (FET) <5DBr®0, Slb{4y-N 

[00 18] MOCVDa^rfflV^r-^-^T^TSMlcT) 
iCt-fGaN (m^mOnm) ^ff>±.l,zyyY 
-TffiG a N ( «JP 2 // m ) *y \' -y 7 r -S 2 i: LT^ 
:g$-«*-|>. MZ. Al Nc7)ffl^S-0. lOT. J:0» 
*t<{40. 0 1~0. 05(7)|iffl<OffiA 1 NffifK^OA 

lGaN4}-^3 (MJi*»'50— BOOnm) ^^gfilt 

$4.{CGaN«4 («lS3 0 0~5 0 0nm) 
-ry^;l^M4fc LTJ^^-rS. ClcOGaN^-^'y 
^;U--14±{CS i ^ H-rL^^A- UTiSSSrMttf 2 
X10'8cni-3<OnMAlGaN€^=^^5 (®J52 
0 n m ) tCJ^fiJt-rS , A 1 G a N«^=^S 5<?5±t 

[OO193 0iMC. AlNifflj&{>J0. OlfOffiAl 
Nffl^iO:})-^! 3 2 0 0 n m<;5l?$ t . -f-<0±«:OG 
aNM4Sr^3 0 0nm<7)J¥${c;. nSAlGaNl;^ 
5 2 0 n mc7)Ji$ d-eil-e^llg^ lfz^<7)7ii 
f-yi^-^ivruyr^jV^TTct, itoi©^. ^g|M3t 
G a NJi4 t <7)ftT'^ l-^Mii: / *«;5 0 0 n mOJf^ 
fc^O. T^^y>'^)V(7)\^-^^m\tl e V(C^-rS, S 
S 1 {ffliO'v-fo|^Mco.i^f->i^-\';K47 S K/t^ 

(dff'>'>'^r;U*«0eViOV'«;;P) i:i)iK<. 
SiDm^iSSfi 1 0 1 1 / c m2 (7):^-^y-X'h ^ +^{; 

{z^m^tiX^^h. 

[002 0] C:<7)J:55:FET<OflKtll, fi!*«OFET 
<7)*iit (US ) t&Mltzi^. fiA 1 N^i^OA 1 G 

a.ii^mm3ifiWinhixx\^hAX'm^j:h. :i<r>^im 

[0 02 1 ] I12J4, mk<r>GaiW^-yyr-m<r>?i.<r) 
^y-nm&^^-fhFETt. G a NJi4'(::ffiA 1 Nffl 
BK<D A 1 G a N^J-ISIM 3 $rigftJt:*:^BJiO F E T<^S^ 

^s-f. mA 1 Nm<DA 1 GaN^I^S^iSftTt:*^ 

M2a*»^7 7K#ifi^-C{5{?-^£7)liS:5^-ti 
bt^hij^l, Zco-Mff^VL^m&ltA 1 GaN«-?^ 
M5b ^<7)T<^G a NvN'-y 7 r — J14 i:<0's-fn|SLffl{c 
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mtht^l^il^ fiA 1 Nffl^OA 1 GaN^a-SlB 
iO^V ^J^tJSG a N<^A' >/ 7 r -)i 2 *<?)m-f-i6iS 

10 0 2 2 3 tj!*iOF ETCOfiBife^ll^'^^^SKJ^JS 1 

a, [13b{C^^t, ^A l NifflBg<^A lGaNO^?itl 
3 $-ig{t3t *^BflOlfBfC{4 F E T<^ tr yi-t 7!»1t** 

[0023] ^XhiOj: 0 1 J: I. 
F E T(i:. G a Nvi'y 7 r-Jf 2 i: G a N^-v y^-)VM 
4i:cOSt:<£A 1 Nffl^OAl GaNr»-ffiJi3«:#A-t 
* i t Ca: -5T G a N/^' -y 7 r — S4't-SIHirf^ A§ 

[00 24] <I^t'AlGaNlCj:|)^{i)i3*5GaN 
7 y-g2 i: G a Nf-v.y*;l'^4 t<^mz}£<r>X 
ai3iSft4>itl>'^§*H:ov^-C#^S-tTd. Al 

G a N C7)^1S:^ A-ri> i: t ^ 

•C^rSnT^^t. iaiOfcJ:tN'El l2r#B^tTi5eBBL 
Al GaN^JiA^^tt^i^S^:V^O^•C 
nthhH^. *^BB{:^5V^tl£^t'oi^^ A l GaN^SI 

[0 0 2 5]:SMi:L'r{4Journa 1 of Ap 
plied Physics vol.85 (199 
9) pp. 3009-30 1 llcie^iOR. Gask 

5 0nin<OJ9$iOA IGaN. 800nmOS$<0Ga 
Nl, 2 5nmiOJf$<OAl GaNS. lOOnmiOG 



aNf-^-y^^l^Ji, 3 0nm<DJfS<^AlGaNA>JT 
Ji*»li»3^j£$iT-^*>^t:'S) 0 . Z:c04'-C2 5 nmcTjA 
1 GaNJi(4*%B^<^FET{CiJ{t^A 1 GaNtJi-SOT 

B TTwo-channe 1 AlGaN/GaN h 
e t e r o s t r u c t u r e field effe 
ct transistor for high po 
we r app 1 i c a t i o n s J ^^iofc-JWf^SfciJ 

0. r.-:>(r>i-!-y^^f\^immt?>:itmmx'hi>. ^ 

CO^ftGaN^^y^/V-^tSl 00nmfc^<, S^fflS 
<7)^-ry^>)i'Wit.X'cr>mU^Wii^^<^^ii 1 5 0 nm 
bm\ tfc:. ^liOFETt'ti. i5tt^>*ll.A l GaN 

^<T§^v\ ^<7MMi. Gani^^y;^)i'Mt<^^ 
^?F^t-tf3A 1 GaN*ilt)i<^)IS&^liiStwil>©JHI 
Srott^^i:, fciV. mfhivlAl GaNJi$rW< 

rT^ffoiT/cA 1 GaNSt^fflfflOiOGaNltc^ 

MziimMmim±i-&*'^i'^m^i^Mi>'^T 
[0026] :^wMcr>msmm i idsit^i^-^^M 

Ji. A 1 G aN^MM 3<OA 1 Nffl^^«ffi1i«^A 1 
G a NJi 5 <^«IJ: L. fiA 1 Nfi^c7)A 1 

G a N^l^;i3 1 G.a N>'N'-y 7 r -JS 2 1 0's-ro^ffi 

I,. m-(r>'Wmi. fiA 1 Nffll^iOA 1 G.aN-J^fiOT3 

(om^iML. Mzx^xmu<D^7'y>-^Ji'^\^±. 

(7)A 1 G a Nt»-gil 3 immi}^f>+i/fMixfz tZ^l^m 

=2rl>0{i, GaN^'ry^vWJB4«^IS$^*<ti"^'^ 
[0027] GaNf-r>'^;I^Ji4<^flJ^ff$S:WT 

Hti, ^fa2<>5cm^^;<^xaiSco 1/5 0-1/1 0 0 

i-5-l~3x 1 0' Vcm2T'$)l>. M^V-f—M&t 
UTlxi Oi6/cm3S:<R€L. e-^^J^r^^^/l- 
i:LTGaN<50>'N>K^^-y7*3. 2eVS:#^bT, 
2 e Vit'fc^-rS i:^jt-ri.GaN^-v:^^wWi 
4i0;5$i44 6 0 ^SK-^-?SS$r 5 X 1 

Oi6/cmSi:lKSL:t*&{4. GaNf-^y^N/H4 
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^thtlhf-^y^-lV(r)MW (50nm*^^>l 00 n 
m) itllt^t. tJj:-e25 0ninA»/95 60nm<0® 

[0028] JiU:*»4>G a Nf-r y^-il-mACDmWsM- 
$ttT3 0 0-5 0 0nm*i^a^,^^-S. :i<^mii 

mmxi-hm ( i o onmpxr) x o «)-ha'»< . 

GaNj^mmstp^-r^cnvmmiG a n^n'-x 7 r- 

a N#SI« 3 i: ^<^T<7)G a N^'n'-/ 7 r ~Ji 2 4: <?DA.-f 

n^mizimm^' ^mm<^ 2 mt^'xai^ 1 1 tufTh i 

[0029] im&m2 ) *l|B8iOlU8J^«2<DFE 

Tti, mm&mi t^iJft-SffiA 1 Nm^<r>A 1 GaN^a- 
■t^m^k^j:'^X\i^l. :R*Wt{±. A 1 NtfOfflCtl:^ 

mtfo*»^o. 0 5S-Cfi)t«:)ri«F, ■r'Sf*)^^®!!!^ 

JijD$-fr. nmtLXmUfl 0 0 nm— 3 0 0 nmi: 
KclJ:o{zfB&t^, mSM'^^^ii^-oXcomkco^itm 

KISA 1 NffljScO A 1 G a H-^MM 3 i: ^i?>TOG a N 

7 r-e2tf5'sf-D^BS$:^Jt'^>*H:-r.S:: t izi 

[0030] (mtmms ) ^^M(mmm3<^FE 
Tiz'o\,^xm4imv^xim-t^. ma ^s^^fet 

li. mm&Bll'Zmti>mi atC^-rFETiOf-T>;t> 
* G a NJi 4 1 i: I n G a N«4 2 cOZJgfllJti: 
t/c i>c7)T'^|. . ^<7)i ^ ^liitti I n G a N€4 2 ^ 
A 1 G a Nl 5 1 G a N/i 4 <^P^(::|S(t ■& i i: § 
iX^ . J; 0 X;^;^^->' n*> H ^ -y r<0/Js§ t u n G a 
NJB4 2S-^'\'>:*.;l'fc:ffl(,^sci:fc:j: 0. f-r^^yp 
(Cfi^Sm^lilgSrSsb. I nGaN@4 2K^^^|| 

«wtKtato. y-hMcrtmmi^o^i'Z^t 

h. Hl^tCti. H4Ci3tt-e. I nGaNji4 li^^Mi. 
1 <0F E TffymWkt t-ytzK m-X'hr>X X 

\,K I nGaNS4 2(Cfcft.S 1 nN<39ffl^{iO. 0 5 

~ 0 . 2 mBi<D^mi)^wx'h 0 . -^(ommi l O n m 

[0031] (llifij^«4 ) :iim(0mtmm4 tZ^hl 

^^i^mm^m 5 izm-:^^^xmmti . m 5 i±mmm 
4i>z^hmmsmm.h'7y'jx^ (fet) <r>mmmx' 

[00 3 2] fr^UvTidt, GaNJil:m>Al Ga 

{i. e%:5J-Stfxv'^|ic7)^?S*{zJ: O^tt^A 1 Ga 



)t SrJIft^ 1. 1 0 . Sir ^ A 1 G a N JiiOftb 0 {C 
( I n,A li.,) yGa.i-yNS-fflV^^. 

[0 03 3]m«cW«Jtf:LT. S5tC55-tidfc. M 

{;:^-rGaNCOV\' y7T-S2 (JIJf*!j2//m) 

(I n^Ali-J ,Gai.,N«3 1 
J!DH;10nm*>/i>3 0nm) $|R^$h!-|>. iCD;(I n 
, A 1 , . J , G a , N® 3 1 {iiias i ^5: nM^M 
!fe*^'^D$il. -?-<7)jgjK{i 1 ~5 X 1 0 18/ c in3<0:t 

-r-x'h^, mmi±\,z:Lm\,zmx^ti^mm'e: 

ay ( I n,A l i-x) yGai-,N«3 l±t^-^y^vPS 
4 3 ^ . vlO^^r y^-)Vm4 3 {iG a 

T'til-vL. I nGaNS#3Si!,|,t,^J±GaN^t I n 
GaNfliOffl;^-^*)^^*,^*-^ Jt;t'L-f^'y*;pJi^ 
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BACKGROUND OF THE INVENTION 
[0001] 1. Field of the Invention 

[0002] The present invention relates to a semiconductor device, and nfiore particularly to a semiconductor device such as a 
field-effect transistor (FET) having a heterostructure of gallium nitride-based semiconductor which is generally represented 
as (lnXAI1-X)YGa1-YN (where 0<=X<=1, 0<=Y<=1). 
[0003] 2. Description of the Related Art 

[0004] A gallium nitride-based semiconductor such as GaN, AIGaN, InGaN, InAIGaN or the like has a high dielectric 
breakdown field, high thermal conductivity and a high electron saturation velocity, and thus is promising as a material for a 
high-frequency power device. Particularly in a semiconductor device having an AIGaN/GaN heterojunction structure, 
electrons accumulate with high density in the close vicinity of a heterojunction interface between AIGaN and GaN, and a 
so-called two-dimensional electron gas is formed. This two-dimensional electron gas exists in a spatially separated state 
from donor impurities added to AIGaN, and thus shows high electron mobility. A field-effect transistor having such a 
heterostructure is produced so that a source resistance can be reduced. Moreover, a distance d from a gate electrode to 
the two-dimensional electron gas is typically as short as tens of nanometers, and thus, even if a gate length Lg is as short 
as about 100 nm, the ratio of the gate length Lg to the distance d (i.e., aspect ratio) Lg/d, can be increased from 5 to about 
10. Accordingly, semiconductor devices having an AIGaN/GaN heterostructure have a superior feature in that a field-effect 
transistor which has an insignificant short-channel effect and satisfactory saturation property can be readily produced. 
Moreover, a two-dimensional electron of the AIGaN/GaN-based heterostructure has an electron velocity in a high field 
region of about 1*10V/cm, which is twice or more than the electron velocity in AIGaAs/lnGaAs-based heterostructure 
currently prevalent as a high-frequency transistor, and thus, is expected to be applied to high-frequency power devices. 
[0005] FIG. 8 shows an exemplary cross-sectional view of a conventional FET 800 having an AIGaN/GaN-based 
heterostructure. The AIGaN/GaN-based heterostructure of the FET 800 is typically formed on a substrate 801 composed 
of a [0001] facet (c facet), through a crystal growth process using a metal-organic chemical vapor deposition method or a 
molecular beam epitaxy method. Typically, a sapphire substrate or SiC substrate is used as the substrate 801. In the FET 
800, a buffer layer 802 including GaN and an electron supply layer 805 including AIGaN are sequentially provided on the 
sapphire or SiC substrate 801. On the electron supply layer 805, a source electrode 806, a gate electrode 807, and a drain 
electrode 808 are provided separately from one another. In the case of forming the buffer layer 802 including GaN on the 
sapphire or SiC substrate 801 , it is necessary to thickly form the buffer layer 802 in order to account for a great lattice 
constant difference between the substrate 801 and the buffer layer 802. This is because the strain due to a lattice 
mismatch between the buffer layer 802 and the substrate 801 is sufficiently relaxed by forming the buffer layer 802 so as 
to have a relatively large thickness. By forming the electron supply layer 805 containing AIGaN to which n-type impurities, 
such as Si or the like, are added so as to have a thickness on the order of tens of nanometers on the thick buffer layer 
802, a two-dimensional electron gas (i.e., electron channel) is formed in the buffer layer 802 which has a great electron 
affinity in the heterointerface between the buffer layer 802 and the electron supply layer 805 (i.e., between AIGaN and 
GaN) due to the effects of selective doping. The crystal facet of a heterostructure formed by an MOCVD (Metal-Organic 
Chemical Vapor Deposition) method, is typically composed of a facet of Ga, which is a group III element. This two- 
dimensional electron gas is susceptible to the effects of piezo-polarization in a c axis direction due to tensile stress 
imposed on AIGaN, in addition to a difference in spontaneous polarization between AIGaN (included in the electron supply 
layer 805) and GaN (included in the buffer layer 802). Thus, electrons accumulate at a density which is higher than a value 
which would be expected from the density of the n-type impurities added to the electron supply layer 805. When the Al 
composition of AIGaN of the electron supply layer 805 is 0.2 to 0.3 with respect to AIGaN, electron density of the channel 
layer formed in the buffer layer 802 is about 1*10/cm, which is about 3 times the density of a GaAs-based device. Since 
the two-dimensional electron gas at such a high density is accumulated, the semiconductor device 800 used as a GaN- 
based heterostructure field-effect transistor (FET) is considered as a highly promising power device. 
[0006] However, such a conventional FET 800 has several disadvantages. The first of which is that due to the immaturity 
of crystal growth techniques, a crystal with satisfactory quality cannot be obtained. 

[0007] One of the problems related to the crystal growth is associated with the fact that the undoped GaN included in the 
buffer layer 802 typically is an n-type and the carrier density may be as high as about 10/cmor more. This is presumably 
because constituent nitrogen (N) atoms are released during crystal growth, and thus, vacancies are liable to be formed. 
When there are such residual carriers, the leakage current component via the buffer layer 802 of the device becomes 
greater. In particular, when operating the device at a high temperature, deteriorations in the element properties, such as 
aggravation of pinch-off characteristics, may occur. As for an isolation problem, when forming a plurality of GaN-based 
heterostructure FETs on the same substrate, the FETs interfere with each other, hindering normal operation. When the 
gate electrode 807 is further provided above this buffer layer 802, a problem such as an increase of a gate leakage 
current, or the like, may arise. 

[0008] The second disadvantage of a conventional FET 800 is ascribed to the effects of polarization as described above. 
In a conventional FET having an AIGaAs/lnGaAs-based heterostructure, a channel layer is composed of InGaAs, and an 
electron (carrier) supply layer is composed of AIGaAs and is doped with Si. In general, when such a FET is applied as a 
power device, an AIGaAs/lnGaAs/AIGaAs structure, in which an InGaAs (channel) layer is sandwiched by two n-type 
AIGaAs layers, is employed. In this structure, the electron density of the channel layer is about 2 times the electron density 
of a channel layer in a non-sandwich type structure. FIG. 9 schematically shows a distribution of the potential energy of 
conduction band along the depth direction of such a semiconductor device. As shown in FIG. 9, electrons are supplied 
from the AIGaAs layers to the InGaAs layer whose potential is lower than those of the AIGaAs layers. Such a structure 



http://12.espacenetxoin/espacenet/desc?LG=en&CY=gb&DB=EPD&PNP=US2001020700&^ 8/4/2004 



esp@cenet - Document Description 



Page 2 of 8 



which has two Si-doped AIGaAs layers is called a double-doped structure or a double-doped, double-heterostructure. 
[0009] FIG. 10 shows a structure of an n-type AIGaN/GaN/n-type AIGaN device 1000, which is a GaN-based device 
having a double-doped structure. FIG. 11 shows a distribution of the potential energy along the depth direction in the 
semiconductor device 1000. 

[0010] The conventional FET 1000 shown in FIG. 10 sequentially includes the following layers on a sapphire or SiC 
substrate 1001: a first channel layer 1002, including GaN; a first electron supply layer 1013, including AIGaN; a second 
channel layer 1004, including GaN; and a second electron supply layer 1005, including AIGaN. On the second electron 
supply layer 1005, a source electrode 1006, a gate electrode 1007 and a drain electrode 1008 are provided separately 
from one another. In the GaN-based double-doped structure shown in FIG. 10, doping is perfontied only on the second 
electron supply layer 1005 because a large polarization influence is caused on electrons which are supplied from the first 
and second electron supply layers 1013 and 1005 to the first and second channel layers 1002 and 1004, respectively. 
[0011] As seen from the graph of FIG. 11, in a GaN-based semiconductor device, the potential in a heterointerface 
between the second channel layer 1004 and the first electron supply layer 1013 is significantly increased due to piezo- 
polarization or spontaneous polarization. As a result, electrons accumulate in two separate regions. That is, a first (lower) 
electron channel is formed by electrons which have accumulated in the first channel layer 1002 in the close vicinity of a 
heterointerface with the first electron supply layer 1013, and a second (upper) electron channel is formed by electrons 
which have accumulated in the second channel layer 1004 in the close vicinity of a heterointerface with the second 
electron supply layer 1005. Currents flow through these electron channels. The distance between the first and second 
electron channels is about several tens of nanometers. With such a great distance, the mutual conductance of the 
conventional FET 1000 is small as compared with an AIGaAs/lnGaAs/AIGaAs structure in which electrons accumulate so 
as to form a single electron channel. As a result, the gain of the conventional FET 1000 is decreased, which is undesirable 
in view of high frequency operation. 

SUMMARY OF THE INVENTION 

[0012] According to one aspect of the present invention, a semiconductor device Includes: a substrate; a buffer layer 
including GaN formed on the substrate, wherein surfaces of the buffer layer are c facets of Ga atoms; a separating layer 
including (InXAII-X)YGal-YN (where 0<=X<=1, 0<=Y<=1) formed on the buffer layer, wherein surfaces of the separating 
layer are c facets of In, Al, or Ga atoms; a channel layer including GaN, InGaN, or a combination of GaN and InGaN 
formed on the separating layer, wherein surfaces of the channel layer are c facets of Ga or In atoms; and an electron 
supply layer including AIGaN fomned on the channel layer, wherein surfaces of the electron supply layer are c facets of Al 
or Ga atoms, wherein the AIN composition ratio in the separating layer is smaller than the AIN composition ratio in the 
electron supply layer. 

[0013] In one embodiment of the present invention, in the separating layer including (InXAII-X)YGal-YN, X=0. 
[0014] In another embodiment of the present invention, the AIN composition ratio in the separating layer is equal to or 
smaller than about 0.1 . 

[0015] Instill another embodiment of the present invention, the AIN composition ratio in the separating layer gradually 
increases from an interface with the buffer layer to an interface with the electron supply layer. 

[0016] According to another aspect of the present invention, a semiconductor device includes: a substrate; a buffer layer 
including GaN formed on the substrate, wherein surfaces of the buffer layer are c facets of Ga atoms; a first electron 
supply layer including (InXAII-X)YGal-YN (where 0<=X<=1, 0<=Y<=1) formed on the buffer layer, wherein surfaces of the 
first electron supply layer are c facets of In, Al, or Ga atoms; a channel layer including GaN, InGaN, or a combination of 
GaN and InGaN formed on the first electron supply layer, wherein surfaces of the channel layer are c facets of Ga or In 
atoms; and a second electron supply layer including AIGaN formed on the channel layer, wherein surfaces of the electron 
supply layer are c facets of Al or Ga atoms, wherein the AIN composition ratio, the InN composition ratio, and the GaN 
composition ratio in the first electron supply layer are set such that electrons accumulate in a vicinity of a heterointerface 
between the first electron supply layer and the channel layer due to a variation in polarization. 
[0017] According to still another aspect of the present invention, a semiconductor device includes: a substrate; a buffer 
layer including GaN formed on the substrate, wherein surfaces of the buffer layer are c facets of N atoms; a first electron 
supply layer including AIGaN formed on the buffer layer, wherein surfaces of the first electron supply layer are c facets of 
N atoms; a channel layer including GaN, InGaN, or a combination of GaN and InGaN formed on the first electron supply 
layer, wherein surfaces of the channel layer are c facets of N atoms; and a second electron supply layer including (InXAII- 
X)YGa1-YN (where 0<=X<=1, 0<=Y<=1) formed on the channel layer, wherein surfaces of the electron supply layer are c 
facets of N atoms, wherein the AIN composition ratio, the InN composition ratio, and the GaN composition ratio in the first 
electron supply layer are set such that electrons accumulate in a vicinity of a heterointerfece between the second electron 
supply layer and the channel layer due to a variation in polarization. 

[0018] Thus, the invention described herein makes possible the advantages of: (1) providing a semiconductor device in 
which a leakage current between a source and a drain, a gate leakage current, and a leakage current between devices 
caused by residual carriers caused in a GaN layer (channel layer) are significantly reduced; and (2) providing a 
semiconductor device having a double-doped, GaN-based heterostructure in which electrons can accumulate so as to 
form a single electron channel and which provides a superior mutual conductance and a high current driving performance. 
[001 9] These and other advantages of the present invention will become apparent to those skilled in the art upon reading 
and understanding the following detailed description with reference to the accompanying figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1A is a cross-sectional view of a field-effect transistor (FET) which is a semiconductor device according to 
embodiment 1 of the present invention. 

[0021] FIG. 1B is a potential map showing a distribution of potential energy along a depth direction of the FET shown in 
FIG. 1A. 

[0022] FIG. 2 shows a temperature characteristic of the sheet electron density for the FET according to embodiment 1 of 
the present invention and for a conventional FET. 

[0023] FIG. 3A shows a drain voltage-current characteristic of a conventional heterostructure FET. 

[0024] FIG. SB shows a drain voltage-current characteristic of the FET according to embodiment 1 of the present 

invention. 

[0025] FIG. 4 is a cross-sectional view of a FET which is a semiconductor device according to embodiment 3 of the 
present invention. 

[0026] FIG. 5 is a cross-sectional view of a FET which is a semiconductor device according to embodiment 4 of the 
present invention. 

[0027] FIG. 6 is a potential map showing a distribution of a potential energy along a depth direction in the FET shown in 
FIG. 5. 

[0028] FIG. 7A shows the relationship between an In composition ratio in InAIN and a charge density in a heterostructure 
between InAIN and GaN. 

[0029] FIG. 78 is a graph showing the relationship between a lattice constant and an energy gap for describing a 
composition ratio of an InAIGaN mixed crystal which is suitable for a FET according to embodiment 4 of the present 
invention. 

[0030] FIG. 8 is a cross-sectional view of a conventional GaN-based FET. 

[0031] FIG. 9 is a potential map showing a distribution of potential energy along a depth direction of a conventional double- 
doped, double heterostructure. 

[0032] FIG. 10 is a cross-sectional view of a conventional GaN-based double-doped, double heterostructure. 

[0033] FIG. 1 1 is a potential map showing a distribution of potential energy along a depth direction of the conventional 

GaN-based double-doped, double heterostructure. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0034] In the description hereinbelow, a field-effect transistor (FET) is taken as an example of the present invention. 
However, the present invention is not limited to a field-effect transistor. The present invention can be applied to any 
semiconductor device having a heterostructure of a gallium nitride-based semiconductor which is generally represented as 
(InXAII-X)YGal-YN (where 0<=X<=1, 0<=Y<=1). 

[0035] As described above with reference to FIG. 10, in a structure including the first channel layer 1002, the first electron 
supply layer 1013, the second channel layer 1004, and the second electron supply layer 1005, two separated electron 
channels are formed. In such a structure, a large number of electrons accumulate in both of these two regions, but 
electrons in the lower electron channel do not largely contribute to an increase in drain current. These electrons increase 
the gate capacitance of the FET, but deteriorate the performance of the FET as a whole. However, in such a structure, 
increase in potential level at the heterointerface between the first electron supply layer 1013 composed of AIGaN and the 
second channel layer 1004 composed of GaN contributes to the confinement of electrons originally present in the upper 
portion of the semiconductor device into an upper (second) electron channel. With such an electron confinement effect, the 
drain conductance of the FET is decreased, whereby the power gain of the FET is increased. Furthermore, in such a FET, 
the gate length can be easily decreased, and accordingly, the operation frequency can be increased. 
[0036] A semiconductor device according to one embodiment of the present invention has substantially the same structure 
as that shown in FIG. 10, except that a layer corresponding to the second electron supply layer 1005 shown in FIG. 10 
(hereinafter, referred to as a "separating layer") is formed so as to have a thickness greater than that of the second 
electron supply layer 1005, and that the AIN composition ratio in the separating layer is set to be much smaller than the 
AIN composition ratio in an electron supply layer (corresponding to the first electron supply layer 1013). In the 
semiconductor device having such a structure, electrons are prevented from accumulating in the close vicinity of a 
heterointerface between the separating layer and a buffer layer (conresponding to the second channel layer 1004), while 
the increase in potential level at the heterointerface contributes to the confinement of electrons. 

[0037] In a semiconductor device according to another embodiment of the present invention, a first electron supply layer is 
not composed of AIGaN, but of (InXAII-X)YGal-YN With such a material, at the heterointerface between the first electron 
supply layer and the buffer layer, the sign (+/-) of the peak potential level is opposite to that seen in the case where AIGaN 
is used for the separating layer. In such a semiconductor device, an electron channel is formed only in the channel layer, 
while an electron channel is not formed in the buffer layer As a result, a potential distribution similar to that seen in a 
selectively-doped, AIGaAs/lnGaAs/AIGaAs double heterostructure can be obtained. That is, by setting X and Y in (InXAII- 
X)YGa1-YN to appropriate values, electrons in the first electron supply layer can be supplied to the electron channel in the 
channel layer. In the case where such a structure is employed, for the purpose of substantially obtaining a single electron 
channel, it is necessary to set the thickness of the channel layer (which is formed of GaN, InGaN, or a combination of GaN 
and InGaN over the (InXAII-X)YGal-YN layer) from about 10 nm to about 20 nm. 
[0038] (Embodiment 1) 

[0039] A semiconductor device according to embodiment 1 of the present invention is described with reference to the 
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drawings. FIG. 1A is a cross-sectional view of a FET 100 according to embodiment 1 of the present invention. FIG. 1B 
shows a distribution of potential energy along a depth direction of the FET 100 when the gate voltage is 0 V. 
[0040] The FET 100 includes on a substrate 101 a buffer layer 102, a separating layer 103, a channel layer 104, and an 
electron supply layer 105. On the electron supply layer 105, a source electrode 106, a gate electrode 107, and a drain 
electrode 108 are provided separately from one another. 

[0041] The FET 100 is formed, for example, as described below. On a sapphire substrate 101, a GaN layer (thickness: 
about 20 nm) and an undoped GaN layer (thickness: about 2 [mu]m) are sequentially grown by using a MOCVD method. 
These GaN layers form a buffer layer 102. Then, on the buffer layer 102, an AIGaN separating layer 103 (thickness: about 
50 nm to about 300 nm) is formed such that the composition ratio of AIN with respect to AIGaN in the separating layer 103 
is about 0.1 or less (and is of course greater than 0), preferably from about 0.01 to about 0.05. On the separating layer 
103, a GaN channel layer 104 (thickness: about 300 nm to about 500 nm) is formed. On the channel layer 104, an n-type 
AIGaN electron supply layer 105 doped with Si (thickness: about 20 nm) is formed, in which the carrier density is, for 
example, about 2*1 0cm. The surfaces (interfaces) of these layers are composed of a group III element. 
[0042] FIG. 1 B shows a potential profile of a semiconductor device having the structure shown inFIG. 1 A. in which the 
separating layer 1 03 has a thickness of about 200 nm and has an AIN composition ratio of 0.01 ; the channel layer 1 04 has 
a thickness of about 300 nm; and the electron supply layer 1 05 has a thickness of about 20 nm. In this case, a depletion 
layer which is formed by the separating layer 103 and the channel layer 104 has a thickness of about 500 nm, and the 
peak value of the potential is 1 eV as seen from FIG. 18. The potential at a heterointerface on the substrate side (i.e., the 
interface between the separating layer 103 and the buffer layer 102) is higher than the Fermi level (at which the potential is 
0 eV). The electron density at this heterointerface is sufficiently low, e.g., on the order of 10/cm. Furthermore, the 
heterointerface at the substrate side is completely separated from the heterointerface at the upper side (closer to the upper 
surface of the FET 100) by the thick depletion layer. 

[0043] Such a FET structure is different from the structure of the conventional FET 800 (FIG. 8) in that the above FET 
structure includes an AIGaN separating layer 103 whose AIN composition ratio is low. With this separating layer 103, the 
cannier density and its temperature dependency significantly improve. 

[0044] FIG. 2 shows the variation of sheet electron density with temperature for the FET 800 which has a conventional 
heterostructure including a GaN buffer layer, and for the FET 100 in which an AIGaN separating layer 103 with a low AIN 
composition ratio is provided over the buffer layer 102. The sheet electron density in the FET 100 was measured by a hole 
measurement method. As seen from FIG. 2, in the FET 100 according to embodiment 1 of the present invention, the 
electron density is substantially constant in a range from about 77 K to room temperature, although it slightly increases in a 
higher temperature range. It is recognized that this constant electron density corresponds to the density of a two- 
dimensional electron gas accumulated in the close vicinity of a heterointerface between the electron supply layer 105 and 
the channel layer 104. On the other hand, in the conventional FET 800 which does not have an AIGaN separating layer 
103 with a low AIN composition ratio, the electron density is high, and its temperature dependency is large. In the FET 
800, it is recognized that the increase in electron density along with the increase in temperature is ascribed to the 
ionization of donors in the GaN buffer layer 802. In the FET 800 not having the AIGaN separating layer 103 with a low AIN 
composition ratio, the measured electron density is the electron density in the entire buffer layer 802, whereas in the 
structure of the FET 100, the influence of an ohmic electrode is blocked by the AIGaN separating layer 103 with a low AIN 
composition ratio (which is a depletion layer having a high resistance), whereby the generation of ions in the buffer layer 
102 is suppressed. Therefore, the measured electron density does not include the electron density in the buffer layer 102 
under the separating layer 1 03. 

[0045] FIGS. 3A and 38 show typical static characteristics of the conventional FET 800 and the FET 100 according to 
embodiment 1 of the present invention, respectively. As seen from FIG. 38, the FET 100 has satisfactory pinch-off 
characteristics, so that drain current is not generated at a gate voltage of about -4 V, On the other hand, in the FET 800, 
as seen from FIG. 3A, the drain current is not blocked, and this current flows as a leakage current. In the case where an 
integrated circuit is formed on a single board by a plurality of such devices, each of which generating a large leakage 
cunrent. adjacent devices interfere with one another, resulting in abnonnal operation. Furthermore, the amount of 
ineffective current components increases, whereby the efficiency of the power device and high frequency operation are 
deteriorated. 

[0046] As described above, the FET 100 according to embodiment 1 of the present invention includes between the buffer 
layer 102 and the channel layer 104 the separating layer 103 composed of AIGaN having a low AIN composition ratio. In 
such a structure, increase in a leakage current between a source and a drain, increase in a gate leakage current, and 
increase in current leakage between devices, due to residual carriers which may be caused in the buffer layer 102, are 
effectively suppressed. As a result, the suppressed increase of leakage currents contribute to the improvement in 
characteristics of a high frequency power device and to the prevention of abnormal operation in an integrated circuit made 
of a high frequency power device(s). 

[0047] Now, the details of the separating layer 103 are described. Some conventional devices includes a thin film of AIGaN 
like the separating layer 1 03, but the function thereof is different from that of the separating layer 1 03. The exemplary 
conventional semiconductor device shown in FIG. 10 also includes an AIGaN thin film, but the AIN composition ratio and 
the location thereof in the layered structure are completely different from those of the separating layer 103 in the FET 100 
of the present invention. 

[0048] R. Gaska, et al., "Two-channel AIGaN/GaN heterostructure field effect transistor for high power 

applications" (Journal of Applied Physics vol. 85 (1999) pp. 3009-301 1) describes a double-channel heterostructure FET 

having a structure similar to that of the FET according to the present invention. This FET includes a sapphire substrate and 
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the following layers sequentially provided thereon: a first AIGaN layer (thickness: 50 nm); a GaN layer (thickness: 800 nm); 
a second AIGaN layer (thickness: 25 nm); a GaN channel layer (thickness: 100 nm); and an AIGaN barrier layer 
(thickness: 30 nm). The second AIGaN layer in this layered structure may appear to correspond to the AIGaN separating 
layer and to have the same function as that of the AIGaN separating layer of the present invention. However, as the title of 
the paper states, Gaska et al's purpose is to make two electron channels in the FET, and for this purpose, the GaN 
channel layer is formed so as to be as thin as 100 nm. Accordingly, the distance between the upper surfece of the FET 
and the lower electron channel is as short as 150 nm. Furthermore, in this FET, the AIGaN composition ratio in the second 
AIGaN layer is the same as that in the AIGaN barrier layer, and therefore, this second AIGaN layer cannot be made thick. 
This is because the thickness of the second AIGaN layer is limited by Its critical thickness which is imposed due to a lattice 
mismatch with the GaN channel layer, and also because if the second AIGaN layer is thick, the potential excessively 
increases in a heterointerface between the second AIGaN layer and the GaN channel layer, and accordingly, holes 
accumulate in this heterointerface. In the case where the hole density becomes relatively high, the variation of hole density 
(which depends on the variation of gate voltage) increases, and accordingly, the gate capacitance which depends on the 
hole density may be increased to a non-negligible level. As a result, the high frequency characteristic of the FET is 
deteriorated. In order to improve the high frequency characteristic, it is important to prevent the accumulation of holes or to 
provide a sufficient distance between the upper surface of the FET and a region in which holes accumulate so that the 
variation of electric charge caused by the variation of gate voltage or drain voltage is decreased as much as possible. 
[0049] The first feature of the FET according to embodiment 1 of the present invention is that the AIN composition ratio of 
the AIGaN separating layer 103 is sufficiently lower than that of the AIGaN electron supply layer 105, so that electrons are 
prevented from accumulating in the close vicinity of a heterointerface between the separating layer 103 and the buffer 
layer 1 02. The second feature of the FET according to embodiment 1 of the present invention is that the thickness of the 
separating layer 103 Is large, whereby a desirable potential level is obtained in the heterointerface. The third feature of the 
FET according to embodiment 1 of the present invention is that the sufficient distance is provided between the upper 
surface of the FET and the separating layer 103, so that only a single electron channel is formed in the FET. In such a 
structure, it is important to appropriately determine the thickness of the channel layer 104 (i.e., to make sure that the 
thickness of the channel layer 104 is not much greater than the appropriate thickness). 

[0050] Now, an appropriate thickness of the channel layer 104 is approximately estimated. The tolerance of an excessive 
carrier density which is defined by the density of donors unintentionally caused in the channel layer 104 is considered to 
be a about {fraction (1/50)} to about {fraction (1/100)} or less of the saturated two-dimensional electron gas density. In 
such a case, the sheet canier density is about 1*10/cmto about 3*10/cm. Assuming that the residual donor density is about 
n 0/cm, and setting the peak potential to about 2 eV in view of the GaN bandgap of about 3.2 eV, the thickness of the 
depleted GaN channel layer 104 is about 460 nm. Assuming that the residual donor density is about 5*1 0/cm, the 
thickness of the GaN channel layer 104 is about 205 nm. Taking account of the typical thickness of the channel layer 
(about 50 nm to about 1 00 nm), it is recognized that an appropriate thickness of the channel layer 104 is about 250 nm to 
about 560 nm. 

[0051] In view of the above, the appropriate thickness of the GaN channel layer 104 is estimated to be about 300 nm to 
about 500 nm. This thickness is sufficiently greater than a typical depth to which an electrode metal material is inserted 
from the upper surface of the FET under the conditions for forming a common ohmic electrode (i.e., about 100 nm or less). 
In addition, since the AIGaN separating layer 103 having a low AIN composition ratio is provided under the channel layer 
104, no current flows through the buffer layer 102. Moreover, the density of a two-dimensional electron gas accumulated in 
the close vicinity of the heterointerface between the separating layer 103 and the GaN buffer layer 102 is low. Therefore, 
the gate capacitance does not significantly increase, and the high frequency characteristic of the FET is not deteriorated. 
[0052] (Embodiment 2) 

[0053] A FET according to embodiment 2 of the present invention has substantially the same structure as that of the FET 
according to embodiment 1, except that a separating layer 103 is formed such that the AIN composition ratio thereof 
gradually increases along the thickness direction from the lower surface to the upper surface. Specifically, the separating 
layer 103 is formed so as to have a thickness of, e.g., about 100 nm to about 300 nm such that the AIN composition ratio 
gradually increases from about 0 to about 0.05 in a growth direction, i.e., from the lower surface to the upper surface 
thereof. The change rate of the AIN composition ratio is not limited to a particular rate as long as it is positive, i.e., the AIN 
composition ratio increasingly upwardly changes in a growth direction. In this way, the difference in composition at the 
heterointerface between the separating layer 103 and the buffer layer 102 is decreased. As a result, the density of 
electrons which accumulate in the close vicinity of this heterointerface is decreased, whereby the gate capacifance can be 
decreased. 

[0054] (Embodiment 3) 

[0055] A FET 400 according to embodiment 3 of the present invention is described with reference to FIG. 4. 
[0056] The FET 400 sequentially includes the following layers on a substrate 401 : a buffer layer 402; a separating layer 
403; a first sub-channel layer 441; a second sub-channel layer 442; and an electron supply layer 405. On the electron 
supply layer 405, a source electrode 406, a gate electrode 407, and a drain electrode 408 are provided separately from 
one another. 

[0057] The FET 400 includes two layers, the first sub-channel layer 441 composed of GaN and the second sub-channel 
layer 442 composed of InGaN, in place of the channel layer 1 04 of the FET 1 00. The structure of the FET 400 is achieved 
by providing an additional layer between the channel layer 104 and the electron supply layer 105 as the second sub- 
channel layer 442. The energy bandgap in the second sub-channel layer 442 is set to be smaller than in the first sub- 
channel layer 441 (corresponding to the channel layer 104), so that the electrons density in the electron channel is 
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increased. As a result, electrons are confined in the second sub-channel layer 442, and accordingly, the gate length of the 
FET 400 can be easily decreased. The layered structure of the FET 400 is substantially the same as that of the FET 1 00, 
except for the inclusion of the InGaN second sub-channel layer 442. The InN composition ratio of the second sub-channel 
layer 442 with respect to InGaN is appropriately about 0.05 to about 0.2. The thickness of the second sub-channel layer 
442 is appropriately about 10 nm to about 20 nm. The surfaces (interfaces) of these layers are composed of a group III 
element. 

[0058] (Embodiment 4) 

[0059] As described above with reference to FIG. 10, in a conventional structure in which a thin AIGaN layer 1013 is 
provided between the GaN layers 1002 and 1004, two electron channels are formed, and holes or electrons readily 
accumulate in the close vicinity of the heterointerface between the layers 1013 and 1004 and in the close vicinity of the 
heterointerface between the layers 1013 and 1002, respectively, due to the effects of spontaneous polarization and piezo- 
polarization. In addition, the two electron channels are widely separated by several tens of nanometers. As a result, pinch- 
off characteristics are not satisfactory, and the capacitance is additionally increased, whereby the high frequency 
characteristic is deteriorated. A FET according to embodiment 4 of the present invention includes a novel heterostructure 
for solving such problems, in which an (InXAII-X)YGal-YN first electron supply layer is employed in place of the AIGaN 
first electron supply layer 1013. 

[0060] An semiconductor device according to embodiment 4 of the present invention is described with reference to FIG. 5. 
FIG. 5 is a cross-sectional view of a FET 500 according to embodiment 4 of the present invention. 
[0061] The FET 500 sequentially includes the following layers on a substrate 501 : a buffer layer 502; a first electron supply 
layer 531; a channel layer 543; and a second electron supply layer 505. On the second electron supply layer 505, a source 
electrode 506, a gate electrode 507, and a drain electrode 508 are provided separately from one another. 
[0062] The FET 500 is fabricated, for example, as follows. In the first step, a GaN buffer layer 502 (thickness: about 2 [mu] 
m) is grown on a sapphire or SiC substrate 501 by using a MOCVD method. On the GaN buffer layer 502, a first electron 
supply layer 531 including (InXAII-X)YGal-YN (thickness: about 10 nm to 30 nm) is grown. The (InXAII-X)YGal-YN first 
electron supply layer 531 may be doped with n-type impurities such that the doping density is on the order of about 
1*10/cmto about 5*10/cm. The thickness of the first electron supply layer 531 is formed to be as thin as the critical 
thickness defined by a compression strain which is mainly imposed on this first electron supply layer 531. 
[0063] On the first electron supply layer 531 , a channel layer 543 is formed. The channel layer 543 may be formed solely 
as a GaN layer, solely as an InGaN layer, or as a combination of a GaN layer and an InGaN layer. However, it is important 
that in suppressing the decrease in the mutual conductance of the FET, the channel layer 543 is fonned so as to be as thin 
as about 10 nm to about 30 nm. In the case where an InGaN layer is employed as the channel layer 543, the thickness 
thereof is appropriately set from about 10 nm to about 20 nm, and the InN composition ratio is appropriately set from about 
0.05 to about 0.2. On the channel layer 543, a second electron supply layer 505 including n-type AIGaN is formed. The 
thickness thereof is appropriately set from about 10 nm to about 30 nm, the AIN composition ratio is appropriately set from 
about 0.15 to about 0.5, and the density of n-type impurity is appropriately set from about 1*10/cmto about 5*10/cm. The 
surfaces (interfaces) of these layers are composed of a group III element. 

[0064] FIG. 6 is a potential map showing a distribution of a potential energy along the depth direction in the above 
heterostructure of the FET 500 including a GaN layer as the channel layer 543. The FET 500 uses an (InXAII -X)YGa1 -YN 
material for the first electron supply layer 531 , whereby electrons are supplied to the channel layer 543 from both the 
(InXAII -X)YGa1-YN first electron supply layer 531 and the AIGaN second electron supply layer 505, and can be confined 
in the channel layer 543. As a result, a potential distribution similar to that obtained in the AIGaAs/lnGaAs/AIGaAs 
structure shown in FIG. 9 is obtained. In this case, the electron density in the channel layer 543 is increased by about 50% 
or more as compared to a case where the (InXAII-X)YGal-YN first electron supply layer 531 is not provided. 
[0065] Thus, in the FET 500 according to embodiment 4 of the present invention, electrons are efficiently confined in the 
thin channel layer 543, while the electron density of the electron channel formed in the channel layer 543 can be 
significantly increased. As a result, a high-power GaN-based FET can be obtained. Moreover, since the drain conductance 
of the FET does not significantly deteriorate when the gate length is shortened, the high frequency characteristics can be 
readily improved. 

[0066] Now, a consideration is given to how much electric charge is caused by the effects of polarization in a 
heterointerface between the GaN buffer layer 502 and an InAIN strain layer (an example of the first electron supply layer 
531) formed thereon. Herein, it is assumed that no strain is caused in the GaN buffer layer 502, but a strain is caused only 
in the InAIN strain layer. In the heterointerface, an electric flux is subjected to the effects of polarization. The effects of 
polarization includes the effects resulting from difference of spontaneous polarization between the GaN buffer layer 502 
and the InAIN strain layer, and the effects of piezo-polarization due to a strain caused in the InAIN strain layer. In the case 
of employing the theoretical values for the spontaneous polarizations of AIN, GaN, and InN, which are -0.081 C/m, -0.029 
C/m, -0.032 C/m, respectively, (which are described in a document authored by F. Bernardini et al., in Physical Reviewvol. 
56, pp. R10024-R10027 (1997)), the spontaneous polarization in InXAII-XN (where X represents the InN composition 
ratio) is approximated using a linear interpolation method with the following expression: 
Psp(x)=-0.081+0.049x. 

[0067] Therefore, the variation of spontaneous polarization in the heterointerface is: 
Psp(x)-(-0.029)C/m. 

[0068] On the other hand, the piezo-polarization in lnXAI1-XN is obtained using a strain exx(x) due to the difference in 
lattice constant between InXAII -XN and GaN in view of the symmetry of a wurtzite crystal by the following expression: 
Ppe(x)=2exx(x){e31(x)-e33(x)C13(x)/C33(x)} 



http://12.espacenetxom/espacenet/desc?LG=en&CY=gb&DB-EPD&PNP=US2001020700&PN=JP2 8/4/2004 



esp@cenet - Document Description 



Page 7 of 8 



[0069] where e31(x) and e33(x) are piezoelectric constants for lnXAI1-XN, and C13(x) and C33(x) are elastic constants for 

lnXAI1-XN. These parameters are obtained as follows using a linear interpolation method with the theoretical values 

reported by F. Bernardini et al. and those given by A. F. Wright "Elastic properties of zinc-blende and wurzite AIN, GaN, 

and InN," Journal of Applied Physics vol. 82 pp. 2833-2839 (1997): 

e31(x)=-0.6+0.03xC/m, 

e33(x)=1.46-0.49x C/m, 

C13(x)=108-16xGpa, 

C33(x)=1.46-0.49x Gpa, 

exx(x)={3.189-a(x))/a(x), 

a(x)=3.112+0.428x. 

[0070] The calculation result of the electric charge in the heterointerface with these values is shown in FIG. 7A. As seen 
from this graph, in the case where the InN composition ratio is about 0.3, the electric charge which may be caused in the 
heterointerface due to polarization is approximately zero, because substantially no change is caused in the polarization 
between lnXAI1-XN (the first electron supply layer 531) and GaN (the buffer layer 502). On the other hand, in the case 
where the InN composition ratio is about 0.4, a value of about 1.5*10*g/cmof negative electric charge (where q is the 
electric charge of one electron) is generated in the heterointerface. Accordingly, in the case where the layered structure is 
inversed, i.e., a GaN channel layer is formed on an lnXAI1-XN strain layer, a positive electric charge is generated in the 
heterointerface due to the effects of polarization. As a result, about 1 .5*10/cmelectrons accumulate in the vicinity of the 
heterointerface In the GaN channel layer whose potential is lower than that of the InXAII-XN strain layer. Thus, in view of 
the above, the InN composition ratio in the lnXAI1-XN strain layer is only required to be about 0.3 or more. However, since 
electrons need to accumulate in the channel layer, and the energy bandgap of lnXAI1-XN needs to be greater than that of 
GaN, the upper limit of the InN composition ratio in the InXAII-XN strain layer is about 0.7. 

[0071] Values for X and Y in the (InXAII-X)YGal-YN first electron supply layer 531 are determined as follows based on 
the above discussion. FIG. 7B shows a relationship between the lattice constant and the energy gap in an (InXAII-X) 
YGa1-YN-based material. Line (a) connects point P corresponding to GaN and point E corresponding to ln0.3AI0.7N. In 
theory, in the case where a layer is formed of a material corresponding to a point on line (a) on a GaN layer, there is little 
polarization caused therebetween. Line (b) connects point P con-esponding to GaN and point F corresponding to 
ln0.4AI0.6N. In theory, in the case where a layer is formed of a material corresponding to a point on line (b) on a GaN 
layer, about 1.5*10/cmelectrons accumulate in the vicinity of the heterointerface in the GaN layer due to the difference in 
potential which is caused by the effects of polarization. Line (c) connects point P conresponding to GaN and point G 
corresponding to ln0.7AI0.3N, and represents the upper limit of X. A material corresponding to a point in Region A causes 
a lattice mismatch with GaN, but is sufficiently available for an electron device. The Region A ranges from about 3.14 to 
about 3.28 for the lattice constant. Thus, a material corresponding to a point in a triangular region designated by PQR can 
be used in a FET according to the present invention. However, in the case where a GaN material is used for the channel 
layer, it is necessary to provide a certain difference in the minimum energy of conduction-band between the channel layer 
and the first electron supply layer, and accordingly, a material corresponding to a point in a triangular region designated by 
SQT should be used in a FET according to the present invention. In either case, the range of X in the (InXAII-X)YGal-YN 
first electron supply layer 531 is from about 0.3 to about 0.7. On the other hand, the range of Y in the (InXAII-X)YGal-YN 
is appropriately about 0.15-0.6 when the channel layer 543 is made of GaN, and is appropriately about 0 to about 0.6 
when the channel layer 543 is made of InGaN. In either case, it is preferable to select a material such that its lattice 
constant is about 0.323 nm or less according to the value of X. 
[0072] (Embodiment 5) 

[0073] In the semiconductor device according to embodiment 4, the crystal facet of each layer is composed of a group III 
element. In a semiconductor device according to embodiment 5, on the other hand, the crystal facet of each layer is 
composed of a group V element. When the crystal growth is performed under the condition that the crystal facet of each 
layer is composed of a group V element, the direction of polarization is opposite to that for the crystal facet of a group III 
element. Therefore, the layered structure should be the inverse of the layered structure in the semiconductor device 
according to embodiment 4, i.e., a layer corresponding to the second electron supply layer 505 (FIG. 5) is an (lnXAI1-X) 
YGa1-YN layer, and a layer corresponding to the first electron supply layer 531 (FIG. 5) is an AIGaN layer As for the other 
details, the semiconductor device according to embodiment 5 is substantially the same as the semiconductor device 
according to embodiment 4. Values for X and Y may be detemnined in the same manner as described for embodiment 4. 
Advantages obtained from the device structure according to embodiment 5 are the same as those of the device structure 
according to embodiment 4. 

[0074] In the above embodiments of the present invention, In can be contained in the AIGaN layer as long as the AIGaN 
layer is subjected to a tensile stress. That is, needless to say, a four-element mixed crystal, such as (InXAII-X)YGal-YN 
(where 0<=X<=1 , 0<=Y<=1 ), may be used for this layer. 

[0075] In the above embodiments of the present invention, an AIN layer having a relatively thin thickness, such as about 
100 nm, may be formed between the substrate and the buffer layer as in a conventional semiconductor device. Even in a 
case where such an AIN layer is formed, a semiconductor device according to the present invention can be used in 
essentially the same manner, and can provide the same effects as those of the semiconductor device not having such an 
AIN layer between the substrate and the buffer layer. 

[0076] As described hereinabove, a semiconductor device according to one embodiment of the present invention includes 
an AIGaN separating layer having a low AIN composition ratio between a GaN channel layer and a GaN buffer layer. With 
such a structure, a leakage current between a source and a drain, a gate leakage current, and a leakage current between 
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"devices caused by residual carriers unintentionally caused in the GaN layers (channel layer) are significantly reduced, 
while electrons are efficiently confined in the channel layer, whereby the gate length can be easily decreased, and 
accordingly, device properties can be ioiproved. 

[0077] Another embodiment of the present invention provides a double-doped, GaN-based heterostructure FET having a 
novel structure in which electrons can accumulate so as to form a single electron channel. Such a structure provides a 
superior mutual conductance and a high current driving performance, and contributes to the improvement in power 
characteristics of a gallium nitride-based semiconductor device. Furthermore, with such a structure, the gate length can be 
easily decreased, and accordingly, the device properties can be improved. 

[0078] Various other modifications will be apparent to and can be readily made by those skilled in the art without departing 
from the scope and spirit of this invention. Accordingly, it is not intended that the scope of the claims appended hereto be 
limited to the description as set forth herein, but rather that the claims be broadly construed. 
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Claims 



What is claimed is: 



1. A semiconductor device comprising: 
a substrate; 

a buffer layer including GaN formed on the substrate, wherein surfaces of the buffer layer are c facets of Ga 

atoms; 

a separating layer including (lnXAI1-X)YGa1-YN (where 0<=X<=1, 0<=Y<=1) formed on the buffer layer, 
wherein surfaces of the separating layer are c facets of In, Al, or Ga atoms; 

a channel layer including GaN, InGaN, or a combination of GaN and InGaN formed on the separating layer, 
wherein surfaces of the channel layer are c facets of Ga or In atoms; and 

an electron supply layer including AIGaN formed on the channel layer, wherein surfaces of the electron supply 
layer are c facets of Al or Ga atoms, 

wherein the AIN composition ratio in the separating layer is smaller than the AIN composition ratio in the 
electron supply layer. 

2. A semiconductor device according to 

claim 1, wherein, in the separating layer including (lnXAI1-X)YGa1-YN, X=0. 

3. A semiconductor device according to 

claim 2, wherein the AIN composition ratio in the separating layer is equal to or smaller than about 0.1. 

4. A semiconductor device according to 

claim 2, wherein the AIN composition ratio in the separating layer gradually increases from an interface with 
the buffer layer to an interface with the electron supply layer. 



5. A semiconductor device comprising: 
a substrate; 

a buffer layer including GaN formed on the substrate, wherein surfaces of the buffer layer are c facets of Ga 
atoms; 

a first electron supply layer including (lnXAI1-X)YGa1-YN (where 0<=X<=1, 0<=Y<=1) fomied on the buffer 
layer, wherein surfaces of the first electron supply layer are c facets of In, Al, or Ga atoms; 
a channel layer including GaN, InGaN, or a combination of GaN and InGaN formed on the first electron supply 
layer, wherein surfaces of the channel layer are c facets of Ga or In atoms; and 

a second electron supply layer including AIGaN formed on the channel layer, wherein surfaces of the electron 
supply layer are c facets of Al or Ga atoms, 

wherein the AIN composition ratio, the InN composition ratio, and the GaN composition ratio in the first 
electron supply layer are set such that electrons accumulate in a vicinity of a heterointerface between the first 
electron supply layer and the channel layer due to a variation in polarization. 

6. A semiconductor device comprising: 
a substrate; 

a buffer layer including GaN formed on the substrate, wherein surfaces of the buffer layer are c facets of N 
atoms; 

a first electron supply layer including AIGaN formed on the buffer layer, wherein surfaces of the first electron 
supply layer are c facets of N atoms; 

a channel layer including GaN, InGaN, or a combination of GaN and InGaN formed on the first electron supply 
layer, wherein surfaces of the channel layer are c facets of N atoms; and 

a second electron supply layer including (lnXAI1-X)YGa1-YN (where 0<=X<=1, 0<=Y<=1) formed on the 
channel layer, wherein surfaces of the electron supply layer are c facets of N atoms, 
wherein the AIN composition ratio, the InN composition ratio, and the GaN composition ratio in the first 
electron supply layer are set such that electrons accumulate in a vicinity of a heterointerface between the 
second electron supply layer and the channel layer due to a variation in polarization. 
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